The human genome encodes six proteins of family 18 glycosyl hydrolases, two active chitinases and four chitinase-like lectins (chilectins) lacking catalytic activity. The present article is dedicated to homology modeling of 3D structure of human chitinase 3-like 2 protein (CHI3L2), which is overexpressed in glial brain tumors, and its structural comparison with homologous chi-lectin CHI3L1. Two crystal structures of CHI3L1 in free state (Protein Data Bank codes 1HJX and 1NWR) were used as structural templates for the homology modeling by Modeller 9.7 program, and the best quality model structure was selected from the obtained model ensemble.
Introduction
Mammalian genomes, despite the lack of chitin (poly-Nacetyl-D-glucosamine) synthesis in mammals, code for a set of homologous chitinase-like proteins. Based on amino acid sequences and protein structure relationships, they have been grouped in the glycosyl hydrolase family 18, which also includes bacterial and plant chitinases [1] . In humans, there are six proteins of this family [2] , and two of them, macrophage chitotriosidase-1 (chitinase-1, CHIT1) [3] and acidic mammalian chitinase (AMCase) [4] are catalytically active enzymes (EC 3.2.1.14).
Four other chitinase-like lectins (chi-lectins) are chitinase 3-like 1 protein (CHI3L1, YKL-40, HC gp-39) [5] , chitinase 3-like 2 protein (CHI3L2, YKL-39) [6] , oviductin (oviductal glycoprotein, oviduct-specific glycoprotein precursor, estrogen-dependent oviduct protein, mucin-9, OVGP1) [7] and less homologous chitinaselike protein, which interacts with endocytic/sorting receptor stabilin-1 (stabilin-1 interacting chitinase-like protein, SI-CLP) [8] . Several other mammalian proteins, encoded by chitinase-like genes, were also isolated and characterized [9] [10] [11] [12] . Imaginal disk growth factor-2 of Drosophila melanogaster is more distant homologue of chi-lectins [13] .
CHI3L1 is the most investigated protein among human chi-lectins. It has a molecular mass of about 40 kDa and is N-glycosylated at Asn 60 (two residues of β(1,4)-N-acetyl-D-glucosamine, NAG). N-terminal amino acid residues (aa) of the mature form of CHI3L1 are tyrosine, lysine and leucine (Y, K, L), giving rise to its alternative name "YKL-40" [5] . CHI3L1 precursor consists of 383 aa and contains the signal peptide Met 1 -Ala 21 for its secretion and two structural domains, representing fold typical for mammalian and bacterial chitinases ( Figure 1A ). This chi-lectin acts as a proliferative [14] , anti-apoptotic [15, 16] , migration and adhesion factor [17, 18] . CHI3L1 is expressed in synovial cells, articular cartilage chondrocytes, liver and macrophages during the last stage of differentiation. Increased levels of YKL-40 protein and/or mRNA are described for wide range of inflammatory conditions such as rheumatoid arthritis, osteoarthritis, sarcoidosis, inflammatory bowel disease, as well as for solid malignancies including primary breast cancer, small cell lung cancer, colorectal and ovarian carcinomas [19] . CHI3L1 is overexpressed in glioblastomas in comparison with low-grade gliomas and normal brain tissue, and a correlation between high expression of CHI3L1 and poor prognosis for patients is observed [20] .
Despite detailed information about the structure of many chi-lectins, understanding of their physiological functions is still limited. Human CHI3L2/YKL-39 is the most closely related to CHI3L1 and has high sequence homology with other mammalian chi-lectins [6] . Its alternative name "YKL-39" refers to the same as in CHI3L1 three N-terminal residues of the mature protein after signal peptide (Met 1 -Ala 26 ) cleavage. CHI3L2 is identified in conditioned medium from human articular cartilage chondrocyte primary culture as a protein that is copurified with CHI3L1. Its amount is approximately 4% of total proteins in chondrocyte- . Amino acid sequences of CHI3L1 and CHI3L2 precursors. Important amino acid residues and motifs are marked on both sequences: signal peptide sequences (orange), YKL -three N-terminal residues of mature proteins (red), chitinase insertion domain (dark blue), two pairs of cysteines, which form disulfide bonds (magenta) and heparin-binding sites (green). 
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7 0 8 0 9 0 1 0 0 conditioned medium while the proportion of CHI3L1 is 33% [6] . The highest level of CHI3L2 mRNA is detected in chondrocytes, synoviocytes, lungs and heart. No CHI3L2 mRNA is detected in the brain, spleen, kidney, pancreas or liver. The CHI3L2 gene, but not CHI3L1, is upregulated in chondrocytes of patients with osteoarthritis [21] .
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Our recent studies revealed that both CHI3L1 and CHI3L2 genes are upregulated in glioblastoma [22, 23] . However, their expression levels differ and often are not simultaneous, at the level of both mRNA and protein.
Further, it is interesting to compare functional features of both homologous proteins encoded by these chitinase-like genes in terms of their 3D structures and oligosaccharide-binding properties. Now, seven crystal structures of CHI3L1 in free state and in complexes with different ligands have been determined (Protein Data Bank (PDB) codes 1HJV, 1HJW, 1HJX, 1NWR, 1NWS, 1NWT and 1NWU) [24, 25] . Structures of human chitotriosidase and AMCase are also resolved as well as structures of significant number of signaling chi-lectins of other mammals in free state and in complexes with oligosaccharide ligands.
The main aim of this investigation is sequence-based prediction of 3D structure of mature human CHI3L2, closely related to CHI3L1-the most investigated protein in chitinase-like signal lectin family. Here we present homology modeling of 3D structure of CHI3L2 main secreted isoform A (region Tyr 27 -Leu 390 ) based on two homologous free-state CHI3L1 crystal structures as templates and comparison of oligosaccharide-binding grooves of both chi-lectins.
Experimental Procedures
Homology search of human chitinase-like proteins was performed by Protein BLAST 2.2.18 service [26] available at the National Center for Biotechnology Information (NCBI). Amino acid sequences of conservative domains and domain structure of proteins were analyzed using CDD [27] and CD-Search [28] Table 1 . Quality assessment scores for CHI3L2 homology model and two CHI3L1 template crystal structures obtained by PSVS meta-server [35] and MolProbity [36] . Table 2 . Properties of human CHI3L1 and CHI3L2 (isoform А) precursors and mature forms predicted by 3V server [37] . and multiple amino acid sequence alignments were created using ClustalW2 [29] and ESPript 2.2 [30] servers. Homologous structures search was performed by BLAST service against PDB database [31] . Coordinate files of protein crystal structures were obtained from PDB. Protein SCOP classification (v.1.75, June 2009) was used to determine definitions of structural domain families [32] . The CHI3L2 model ensemble was constructed using Modeller 9.7 program [33] , and the best model was selected by the smallest value of normalized Discrete Optimized Molecule Energy (DOPE) score [34] . Structures were assessed by means of PSVS meta-server v.1.4 [35] and MolProbity [36] . Physicochemical properties of the model and templates were calculated by 3V server [37] . Structural alignment of proteins was performed using FATCAT server [38] , and their multiple superposition with CE-MC server [39] . The amino acid residues of human CHI3L1 in its complexes with chitin tetramers and chitin octamer, which are in contact with the ligands within distance threshold Figures 1A-B) . Multiple sequence alignment of five homologous human chitinase-like proteins demonstrates their significant homology and presence of only short insertions/deletions (Figure 2A) .
Building of the CHI3L2 3D structure in free state by homology modeling approach was performed by means of Modeller program. The mature CHI3L2 (Tyr 27 -Leu 390 ) all-hydrogen model structure was constructed using two CHI3L1 crystal structures in free state (PDB codes 1HJX:A and 1NWR:A) as structural templates on the basis of their pairwise sequence alignment ( Figure 2B) Figure 3A-D) . Physico-chemical characteristics of the model and both templates show that CHI3L2 is more acidic; it has higher molecular mass while comparable protein volume and solvent accessible surface indicating that it may have more compact structure ( Table 1) .
Results of final geometry "quality" estimation of obtained CHI3L2 model structures and both CHI3L1 templates performed by means of PSVS server revealed that these structures corresponded to average statistical values for the most of globular proteins ( Table 2) . Procheck analysis revealed 91.8% of aa residues in the most favored regions and 7.0% of aa residues in additionally allowed regions. MolProbity analysis shows that there are no significant clashes near ligand-binding groove ( Figure 3E) .
Same as CHI3L1, CHI3L2 contains two disulfide bonds, Cys 31 -Cys
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and Cys 308 -Cys 372 , which are evolutionally conservative in 33 mammalian chitinase and chi-lectin members of family 18 glycosyl hydrolases [2] , particularly in 5 of 6 human proteins (except SI-CLP). CHI3L1 is glycosylated at Asn 60 and contains two β(1,4)-linked residues of NAG. In contrast to CHI3L1, CHI3L2 has serine at this position (other chi-lectins contain serine, glycine or aspartic acid) and is not glycosylated [6] .
Two Figure 3D) .
Houston et al. [24] showed that 19 aa of CHI3L1 ligand-binding groove take part in interactions with ligands by forming hydrogen bonds and hydrophobic interactions. However, according to our analysis using iMolTalk with default 0.34 nm threshold, only 14 aa of CHI3L1 form van-der-Waals contacts and nine correct hydrogen bonds with two chitin tetramers in proteinligand complex (PDB code 1HJV:A), and 9 aa form eight hydrogen bonds with chitin octamer in other complex (1HJW:A) ( Table 3) . Notably, 11 aa (58%) among these 19 residues are different between CHI3L1 and CHI3L2; the most conservative residues lie on the bottom of the groove ( Figure 3D ). Both complexes, 1HJV:A and 1HJW:A, contain different chitin oligomers bound in separate subsites of the CHI3L1 ligand-binding groove. To reconstruct the complete oligosaccharide structure in the ligand-binding site, both protein-ligand complexes were aligned with PyMOL. To examine similarities between CHI3L1 and CHI3L2 ligand-binding grooves we performed multiple structural alignment of two CHI3L1 structures complexed with chitooligosaccharides and CHI3L2 model 1 structure. Then the full reconstructed ligand was placed into CHI3L2 potential oligosaccharidebinding groove and interatomic distances were analyzed with iMolTalk. Several structure clashes were observed, namely side chain of Tyr 104 (Trp 99 in CHI3L1) makes sterical difficulties to arrange NAG(-1) and NAG(+1) rings ( Figure 4 and (Figure 4 ). These substitutions could considerably change hydrophobicity and oligosaccharide-binding properties of ligand-binding groove in CHI3L2 as compared to CHI3L1.
Discussion
General organization of chi-lectins' structures is evolutionally conservative as evidenced by lack of significant changes in size of main and insertion domains, surface loops and corresponding insertions/ deletions. Fold recognition analysis revealed that CHI3L2 has a typical fold of mammalian chitinase-like lectins with the main TIM barrel domain and inserted FKBP-like domain (containing one α-helix and six β-strands). The TIM barrel domain is highly conserved and associated with oligosaccharide-binding function in all mammalian chi-lectins. The FKBP-like domain is shown to bind the immunosuppressive drug FK506 and is found in proteins with prolyl isomerase activity [44] . The FKBP-like fold is characteristic for three protein superfamilies, namely chitinases, E. coli immune proteins and FKBP-like family, including immunophilins.
Comparison of physical properties of CHI3L1 and CHI3L2 (Table 2) shows that theoretical isoelectric point (pI) for CHI3L2 mature form is lower than for CHI3L1, and overall charges of both proteins are different due to the greater part of positively charged amino acid residues in CHI3L1. However, there is an important structural difference which has a great impact on physical and biological properties of the protein: CHI3L1 is glycosylated while CHI3L2 is not [6, 25] . CHI3L1 is a secreted glycoprotein with pI of 7.6 [45] ; in the same time, non-modified CHI3L1 has pI of 8.69. The protein is N-glycosylated at Asn 60 [24, 25] , but glycosylation does not give such pI shift. High throughput mass-spectrometry analysis of protein phosphorylation allowed identification of phosphorylation sites in many proteins, including CHI3L1 [46] . PhosphoSite server allows predicting pI for three phosphorylation sites at Tyr 189 , Tyr 239 and Tyr 243 with predicted pIs of 8.36, 7.81 and 7.27 for mono-, bi-and three-phosphorylated forms, respectively. Secreted protein CHI3L2 homologous to CHI3L1 (51.7% identity) has only one predicted phosphorylation site at Tyr 82 , which is not equal to CHI3L1 phosphorylation sites.
CHI3L1 tends to aggregate and precipitate under low salt conditions [47] and forms dimers that are resolved in SDS-PAGE gel-electrophoresis under nonreducing conditions and disappear in the presence of dithiothreitol [48] . CHI3L1 modulates activity of basic fibroblast growth factor (bFGF) [49] , binds to collagen types I, II, and III, and modulates the rate of collagen fibril formation [48] . No one of these interactions is shown for CHI3L2, and no protein-protein interaction partners were found up to now (particularly, there are no reports about participation of CHI3L2 in any proteinprotein interaction in BioGRID, HPID, MIPS, MINT, IntAct, DIP, and BRITE databases).
The comparison of ligand-binding residues in CHI3L1 crystal structures and CHI3L2 model structure revealed that only some of ligand-binding residues are identical and occupy similar positions with the exception for Tyr 34 (Figure 4 and Table 3 ). The significant structure differences between these CHI3L1/CHI3L2 residues reorganize tiny structure of ligand-binding grooves of both homologous proteins and may change their properties to bind different ligands.
It should be stated that the oligosaccharide-binding groove of CHI3L1 is lined with aromatic residues, which have hydrophobic stacking interactions with the hydrophobic sides of the bounded sugar rings. Among them, Trp 99 and Trp 352 additionally participate in ligand recognition by forming hydrogen bonds with the C3-OH of the NAG(-1) and the C7-O of the NAG(-2), respectively [24] . CHI3L2, like CHI3L1, is overexpressed in astrocytomas grade II-IV, and its expression is absent in normal samples [23, 50] . However, expression levels of CHI3L1 and CHI3L2 in glioma do not correlate (it was also shown at the protein level by Western blot analysis), thus proposing different functional roles of these chi-lectins. CHI3L2 is a more specific autoantigen than CHI3L1 in rheumatoid arthritis [51] . In addition, CHI3L2 instead of CHI3L1 is upregulated in osteoarthritic chondrocytes [21] . Interestingly, CHI3L1, CHI3L2 and LUM were suggested as expansion-related genes in cultured human articular chondrocytes [52] . These genes were upregulated in response to treatment with growth factors (PDGF-BB, but not BMP4), while their levels remained unchanged during matrix depletion.
As previously shown, CHI3L2, like CHI3L1, may play a role in inflammatory and neoplastic processes. CHI3L1 acts synergistically with IGF-I in human fibroblasts and chondrocytes [14] , but such experiments for CHI3L2 were not performed.
It is supposed that human CHI3L1 binds heparin [24] , while there is no conclusive evidence of this. CHI3L1 presents a cluster of basic residues (GRRDKQH, Gly 143 -Arg-Arg-Asp-Lys-Gln-His 149 ) similar to other heparin-binding proteins [24] . The putative heparin-binding motif of CHI3L1 lies in the surface loop after strand β5 and the surface-exposed part of α4 helix ( Figures 1B, 2B and 3B) . Most growth factors, such as EGF, FGF, VEGF, CTGF and HGF, contain heparin-binding sites; however, the sites are rather different with non-overlapping features. Commonly, the heparin-binding site serves as a connector between two proteins, for instance, in the case of FGF and FGFR [53] . Interestingly, other mammalian chitinase-like proteins including chitotriosidase, on the contrast to CHI3L1 and CHI3L2, have insertion of five hydrophobic amino acids into this site, that disrupt it (Figure 2A) . It could be concluded that this feature is a unique, evolutionary gain-of-function characteristic of CHI3L1. However, the corresponding region of CHI3L2 (DQKENTH, Asp 148 -Gln-Lys-Glu-Asn-Thr-His 154 ) has significant differences that could explain a lack of its involvement in heparin binding [6] . Alternatively, the oligosaccharide-binding groove of CHI3L2 could potentially bind heparan sulfates, especially due to the introduction of positively-charged Lys 74 and Lys 76 into its structure. Nevertheless, the putative involvement of CHI3L2 into heparan sulfate binding awaits further experimental verification.
Crystallization studies failed to reveal the CHI3L1 chi-lectin binding of sulfated oligosaccharides units within its ligand-binding groove [24] . Nevertheless, there are recent findings proposing that CHI3L1 acts through cell membrane receptor syndecan-1 [54] . Syndecans bear the most of heparan sulfate residues on the cell surface and are involved in angiogenesis and invasion [55] . CHI3L1 stimulates the association of syndecan with a V b 3 integrin, and treatment with heparinase or chondroitinase removes this effect.
Differential interactions of heparin and heparan sulfate proteoglycans were observed for selectins [56] and calcium-dependent C-type lectins -a family of glycoproteins mediating the adhesive events and involved in the metastasis of certain cancers. The similar selectivity related to heparin and heparan sulfate proteoglycans may be proposed as a working hypothesis explaining the difference of structures of oligosaccharide-binding grooves of CHI3L1 and CHI3L2 chi-lectins.
